The contents of dopamine (DA) and serotonin (5-HT) and their metabolites were measured in rat substantia nigra and corpus striatum following dietary changes, including restriction of protein content (low-protein diet; LPD) and the contents of several large neutral amino acids (isoleucine, leucine, methionine, phenylalanine, tryptophan and valine) for 25 d. The LPD produced an increase in the concentration of tyrosine (TYR) in the two regions of the brain studied. This effect was also observed with all amino acid deficiencies studied except for valine in the substantia nigra, tryptophan in the striatum and phenylalanine in both regions. Likewise, the concentration of 5-hydroxyindolacetic acid (5-HIAA), the main metabolite of 5-HT, increased in the substantia nigra but not in the striatum after LPD, as well as with all the amino acid deficiencies studied, with the exception of tryptophan deficiency. In this case there was a dramatic effect on all components of the serotoninergic system, with decreases in the concentration of tryptophan (TRP ; precursor), 5-HT and 5-HIAA. This behaviour clearly shows an interrelationship between precursor (TRP) availability and 5-HT synthesis and metabolism. With valine deficiency, dopaminergic and serotoninergic systems demonstrated opposite effects in the substantia nigra and the corpus striatum, and the behaviour of the two monoamines was also opposite within each structure. The significance of these changes is discussed.
the essential amino acids on the level of biogenic amines acting as neurotransmitters in different areas of the central nervous system. The effect of the biogenic amines serotonin (5-HT) and dopamine (DA), their respective precursors tryptophan (TRP) and tyrosine (TYR), and their metabolites 5-hydroxyindolacetic acid (5-HIAA, 3,4-dihydroxyphenylacetic acid (DOPAC), 3-methyoxytyramine (3-MT) and homovanillic acid (HVA) was investigated, because it is known that these neurotransmitters are influenced by different amino acids, especially tryptophan and phenylalanine, as precursors for indolamines and catecholamines respectively. At the same time, they are transported across the blood-brain barrier by the large neutral amino acid transport system, so they must compete with valine, leucine, isoleucine, tyrosine and methionine for access to the carrier-binding site (Pardridge, 1983) . For these reasons these amino acids were selected. The two regions selected for the study were the corpus striatum and the substantia nigra of the rat because they are extremely rich in neurotransmitter content, allowing measurement of changes in their concentrations, and because in human patients with various neurological disorders changes in biogenic amine levels have been described in these areas. Thus, Parkinson's disease is associated with a degeneration of dopaminergic cell bodies of the pars compact of the substantia nigra (Hirsch et al. 1988 ) and a decrease in DA concentration in the striatum (Marsden, 1982) . The nigro-striatal system has also been reported to be involved in other neurological disorders. For instance, Huntington's disease is associated with severe degeneration and cell loss in the corpus striatum, where efferent neurons of all the striatal neurotransmitters are affected (Enna et al. 1977; Penney & Young, 1982; Scheel-Kruger, 1986) . Likewise, there is degeneration of the melanin-pigmented neurons in the substantia nigra in Alzheimer's disease (Mann et al. 1982) .
The effects were studied in adult rats: (1) fed on the standard control diet (CD); (2) fed on a low-protein diet supplemented with all essential amino acids (LPD; this diet having all the nutritional requirements recommended by National Academy of Sciences (1978) ) ; ( 3 ) fed on a low-protein diet-supplemented with all essential amino acids except one.
The findings support the hypothesis that a deficiency in some of these amino acids induces changes in biogenic amine levels. In some cases, there is a decrease in the concentration of dopamine or serotonin that could exacerbate an incipient pathological disease related to these levels.
E X P E R I M E N T A L M E T H O D S

Animuls and treatment
Thirty-two male Wistar rats weighing 150-200 g and born in our laboratory were used. Animals were housed in eight groups (four rats per cage) under a 12 h light-dark cycle. They were fed on a standard commercial diet (Panlab) until administration of the experimental diets: CD, LPD and LPD without one of the essential amino acids to be tested. The composition of these diets was as follows.
CD. This contained (g/kg) 180 lactalbumin, 220 sucrose, 440 dextrin, and 1 10 fat, with the remainder of the diet composed of vitamins and minerals (rat diet corrector vitamin and minerals, Incoler-1 ; Incovesa, Leon). The total amino acid composition is shown in Table 1. LPD. This was an isoenergetic diet containing (g/kg) 5 lactalbumin, 270 sucrose, 560 dextrin, and 110 fat, as well as lysine 14.6, threonine 5.0, arginine 14.9, histidine 5.4, methionine 4.8, isoleucine 5, leucine 7.5, phenylalanine 8.0, tryptophan 2.6, valine 6.0, with the remainder of the diet composed of vitamins and minerals. Details of the amino acid composition of LPD are shown in Table 1 . Experimen fa1 diets Six different experimental diets were prepared. The composition of each diet was identical to LPD except for the omission of methionine, isoleucine, leucine, phenylalanine, tryptophan or valine.
Throughout the study all rats were given food and water ad lib. The diets were fed for 25 d before each experiment. The food intake was recorded daily and corrected for spillage.
All animals were decapitated between 10.00 and 11.00 hours and the whole brain was quickly removed. The mesencephalon was divided into two parts, with an incision from the ventral side at the caudal border eminence running perpendicular to the long axis of the mesencephalon. The two substantia nigras were then easily identified, and dissected free of the surrounding tissue, including the ventral tegmental area (A lo). The resulting portion was frozen in liquid nitrogen, as was a similarly-prepared portion of the striatum. The total time-period required for isolation of each portion was less than 3 min.
Measurement of biogenic amines
Analyses were performed by means of a high-performance liquid chromatograph equipped with a Kontron 420 pump with electrochemical detection (Bioanalytical System, LC-4B). Measurement of the biogenic amines and their metabolites was performed according to methods described in detail elsewhere (Venero et al. 1989) . Typical experimental chromatograms are shown in Fig. 1 . Chromatograms were recorded on a Merck-Hitachi integrator (model D-2000) . Accurate integrating options were required for integrating TYR in both substantia nigra and striatum, and DOPAC in the striatum. In order to obtain an adequate integration for both metabolites, a tail option was chosen for integrating TYR, and a perpendicular drop for DOPAC. 
Statlytical analysis
Biogenic amine contents from animals fed on C D and LPD were compared using Student's t test. Data from LPD and the different amino acid-deficient diets were analysed by means of one-way analysis of variance (ANOVA). Observed mean differences were evaluated using the Schefee test (parametric test). Food intake and body-weight loss were compared using Student's t test.
R E S U L T S
Food intake and hody-weight loss There were no significant differences in food intake (g/animal per d) between C D and LPD and the different experimental diets: CD 16.7 (SE 1.4), LPD and experimental diets 15.2 (SE 1.4). There were no differences in body-weight loss (YO): C D 10.6 (SE 0.9), LPD and experimental diets 13.2 (SE 2.1). The fact that all treatments led to a certain degree of bodyweight loss could be attributed to the low palatability of the diets. This is supported by the finding that the highest loss rate was recorded during the first week of the treatments. However, from day 8 to 25 (before death) the respective body-weights remained almost unchanged.
Efect of LPD on neurotransmitter levels There were no significant changes in the serotoninergic system, except for 5-HTAA which increased in the substantia nigra with LPD when compared with C D (38.0%; P < 0.01 ; Table 2 ). Moreover, little change was found in the concentration of 5-HT in the two regions after LPD, but there was an increase in the substantia nigra and a decrease in the striatum. Within the dopaminergic system, an increase in the concentration of TYR after LPD was seen in both structures (42.2% in the substantia nigra, 25.4% in the striatum; P < 0.01; Tables 3 and 5 ) . 
CD, control diet, LPD, low-protein diet, TRP, tryptophan, 5-HIAA, 5-hydroxyindolacetic acid Mean values for amino acid-deficient diets were significantly different from those for LPD (one-way analysis of variance followed by Schefee test) * P < 0 05, ** P < 0 01 t For details of diets, see pp 4 1 0 4 1 1 and Table I Mean value for LPD was significantly different from that for C D (Student's f test) 1 P < 0 01 Table I . Mean value for LPD was significantly different from that for C D (Student's t test): $ P < 04,)l.
methoxytyrdmine ; HVA, homovanillic acid.
of variance followed by Schefee test): * P < 0.05, ** P < 0.01.
Substantia nigra fsdeucinr deficit. This deficit had no effect on the serotoninergic system. Within the dopaminergic system this deficit was associated with a decrease in the concentrations o f DA (-25.6%; P < 0.01) and HVA (-21.0%; P < 0.05) compared with that of LPD (Table 3) .
Leucine deficit. Compared with LPD this deficit induced a decrease in the concentration o f 5-HT (-16.3%, P < 0.01; Table 2 ). The 5-HIAA: 5-HT ratio was also increased compared with that obtained with LPD (20.6 %). With respect to the dopaminergic system, there was an increase in the concentrations of TYR and DOPAC when compared with those obtained with LPD (24.8 and 41.8 YO for TYR and DOPAC respectively; P < 0.01 ; Table 3 ), whereas DA concentrations decreased (-15.6 YO, P < 0.05 ; Table 3 ). The efflux of DA, quantified as D 0 P A C : D A ratio (Altar et al. 1987) , was also increased compared with that obtained with LPD (69.2 YO).
Methionine dejicit. This deficit caused a decrease In the concentration of 5-HT when compared with that found with LPD (-21.3 YO; P < 0.01 ; Table 2 ). However, the efflux of 5-HT, measured as 5-HIAA:5-HT ratio, increased with respect to LPD (27.5%). No statistical change was detected in the dopaminergic system after this deficit. Phenylulunine deficit. Deficit of this amino acid caused a decrease in the concentration of 5-HT when compared with that obtained with LPD ( -15.9%; P < 0.05; Table 2 ). The turnover of 5-HT, measured as 5-HIAA : 5-HT ratio, increased compared with that found with LPD (20.6 YO). Within the dopaminergic system there was a significant decrease in the concentrations o f T Y R (-21.2%; P < 0.01) and DA (-28.4%; P < 0.01) compared with these obtained with LPD (Table 3) .
Tryptophan deficit. This deficit had a dramatic effect on all components of the serotoninergic system, showing a relationship between precursor availability and 5-HT synthesis. Thus, there was a decrease in the concentrations of T R P ( -50.7 YO), 5-HT (-5 1.4 "/o) and 5-HIAA ( -59.9 YO ; P < 0.0 I ) compared with those obtained with LPD (Table 2) . With respect to the dopaminergic system this deficit decreased the concentration of DA with respect to LPD (-24.0%; P < 0.01 ; Table 3 ); the D 0 P A C : D A ratio was increased compared with that obtained with LPD (46.1 %).
Valine de$cit. This deficit caused a decrease in the concentration of 5-HT when compared with that for LPD (-20.8%, P < 0.01) ( Table 3 ) . Moreover, the DOPAC : DA ratio was increased compared with that found with LPD (30.7%).
Striatum
Isoleucine deficit. This deficit had no effect on the serotoninergic system. Within the dopaminergic system, only HVA concentration decreased compared with that obtained with LPD ( -32.9 YO ; P < 0.01 ; Table 5 ).
Leucine deficit. Deficit of leucine caused a decrease in the concentration of 5-HT compared with that obtained with LPD (-24.8 YO, P < 0.05 ; Table 4 ). In the dopaminergic system there was an increase in the concentrations of TYR and DOPAC compared with those found with LPD (83.4 YO for TYR and 42.7 YO for DOPAC; P < O.Ol), and a decrease in HVA ( -10.8 % ; P < 0.0 1 ; Table 5); the DOPAC : DA ratio was increased compared with that with LPD (31.2%).
Methimine deficit. Deficit of methionine caused only a decrease in the TRP concentration compared with that obtained with LPD (-25.6%, P < 0.01) in the serotoninergic system (Table 4 ). In the dopaminergic system there was a decrease in the concentrations of TYR ( -27.6 YO, P < 0.05) and HVA ( -22.7 YO, P < 0.01) when compared with those for LPD ( Table 5) .
Phenylalanine deficit. This deficit only had an effect on the dopaminergic system. Thus, there was a decrease in the concentrations of TYR (-33.7 %, P < 0.01) and HVA compared with those for LPD (-21.3Y0, P < 0.01; Table 5 ). These results were accompanied by an increased DOPAC : DA ratio with respect to LPD (25.0 %). Tryptophan deficit. This deficit, as for the substantia nigra, had a marked influence on all the components of the serotoninergic system. Thus, there was a decrease in the Table 4 ). In contrast to the serotoninergic system, in the dompaminergic system there was only a decrease in the HVA concentration, compared with that obtained with LPD ( -33.5 % ; P < 0.01) ( Table 5 ).
Vulinp deficit. Within the serotoninergic system, only an increase in 5-HT concentration compared with LPD was detected (28.3 '4 ; P < 0.05 ; Table 4 ). In the dopaminergic system the effect was opposite to that seen in the substantia nigra following this deficit. Thus, except TYR, the concentrations of all components of this neurotransmitter system were decreased with respect to LPD: DA -33.3 %, DOPAC -25.4%, 3-MT -25.0% and HVA -53.0% ( P < 0.01 ; Table 5 ).
D I S C U S S I O N
We have studied the changes in neurotransmitter content in adult animals fed on diets deficient in some essential amino acids for a short period of time (25 d). This situation may be found in some pathological conditions and may be important in older pe3ple. Thus, with age there is an increase in the appearance of some pathological diseases such as Parkinson's, related to the concentration of various neurotransmitters in different areas of the central nervous system. If the state of malnutrition affects the neurotransmitter content it could mean an enhancement of the risk of this kind of disease. The low-protein diet supplemented with all essential amino acids met all the recommended nutritional requirements (National Academy of Sciences, 1978) ; this is confirmed by the low level of effect found on the concentrations of the biogenic amines in both regions studied. However, caution must be exercised because some differences between CD and LPD were detected These include a statistical increase in the concentration of TYR in both regions, and of 5-HIAA in the substantia nigra. Other changes, although not statistically significant, were those found for 5-HT in both regions, with an increase in one and a decrease in the other. Of the changes found, only that of TYR appeared to be related to the low dietary protein content, since similar effects were found in the two regions studied which was contrary to the changes seen in the serotoninergic system. With the available information it is difficult to explain the differences in TYR concentration between CD and LPD. Taking into account that phenylalanine does not act as a precursor of TYR in the central nervous system (there is no phenylalanine hydroxylase (EC 1.14.16.1) activity in the brain), the increase seen in TYR with LPD could be related to a major efflux of TYR to the brain via the large neutral amino acid transport system. For this to occur, nitrogen from essential amino acids would be necessary to synthesize non-essential amino acids, including TYR, or it is possible that phenylalanine is converted enzymically to tyrosine by phenylalanine hydroxylase, in peripheral tissues, or both. The latter possibility seems to be plausible because of the similarity in the phenylalanine content in C D and LPD (see Table I ).
Efect of sonie essentid amino mid de$ciencies in the serotoninergic system Dietary deficiency affected 5-HT metabolism in both regions studied, being more obvious in the substantia nigra. Notable was the increase in the concentration of 5-HIAA in the substantia nigra. A similar effect was found in this structure in isoleucine-deficient rats, and intensified in leucine, methionine and phenylalanine deficiencies. Moreover, with the latter treatments the increase in 5-HIAA was also accompanied by a significant decrease in the concentration of 5-HT with respect to C D and LPD. The different regional effects on 5-HT metabolism associated with the different amino acid deficiencies could be due to the different origins of the 5-HT. The 5-HT in the substantia nigra comes principally from the neuronal cell bodies and terminals (Fuxe, 1965; Ungerstedt, 1971; Olsen & Seiger, 1972) , whereas in the striatum it comes only from raphe nuclei terminals (Bobillier et al. 1976; Van der Kooi, 1979) . The decrease in 5-HT content could be due to an acceleration of 5-HT turnover such as that described in serotoninergic nerve terminals injured by 5,7-dihydroxytryptamine (Stachowiak et al. 1986 ). In the latter condition the levels of 5-HT and 5-HIAA were reduced in the hippocampus and septum after the lesion. However, as the magnitude of this decrease was much lower for 5-HIAA content, the 5-HIAA: 5-HT ratio was increased. As 5-HIAA is the major metabolite of 5-HT in the brain, an increase in the 5-HIAA: 5-HT ratio may indicate an accelerated turnover of 5-HT. This possibility is supported by a previous report that formation of 5-['H]HIAA from [3H]TRP in the medulla and spinal cord increased after 5,7-dihydroxytryptamine administration (Gerson & Baldessarini, 1974) . In the present study a similar effect was also found in the striatum when there was a leucine or valine deficiency. These findings suggest that in rats fed on LPD brain protection decreases somewhat, especially in the substantia nigra. The lack of protection was more significant when there was a deficiency in leucine, niethionine or phenylalanine. These findings are similar to those obtained by inducing different kinds of damage (Gerson & Baldessarini, 1974; Stachowiak et a/. 1986 ). If we relate the magnitude of the damage to the increase in the 5-HTAA : 5-HT ratio, it is highest with the methioninedeficient diet. This fact may be related to the role of methionine, since this is a sulphurcontaining essential amino acid which is involved in the synthesis of cysteine. Cysteine is a fundamental component of the peptide glutathione. This peptide constitutes the major non-protein sulphurated component of all organisms and is involved in several important processes including detoxification (Sies et al. 1983 ) and the oxidative metabolism of central catecholamines (Hothersall et ul. 1982) . Thus, glutathione is fundamental in maintaining the cellular redox state (Reed et al. 1983) . A deficit of methionine produces a marked decrease in hepatic glutathione concentration and should affect brain glutathione concentration, although to a lesser extent. This effect may also be the result of a decrease in protection against oxidative damage as has been reported in a vitamin E-deficient diet (A. CastaEo, J. Cano & A. Machado, unpublished results). This may be important since little is known about the mechanisms behind the degenerative process leading, for example. to Parkinson's disease, but it has been suggested that toxic species evolved from the catabolism of catechols may be involved in the pathogenesis (Cohen, 1983; Fornstedt et al. 1990) .
A deficit of tryptophan affected 5-HT metabolism in both regions studied (5-HT and its metabolite 5-HIAA decreased). Since 5-HT in the brain is synthesized from the essential amino acid TRP, these results are in accordance with the fact that the rate of 5-HT synthesis in the brain depends on the availability of this precursor (Fernstrom & Wurtman, 1971 ; Carlsson & Lindqvist, 1978) . Numerous experiments have demonstrated that an increase in brain TRP not only increases the rate of 5-HT synthesis but also increases the whole-brain concentration of 5-HIAA (Fernstrom & Wurtman, 1971) . Thus, a decrease in TRP concentration may be expected to produce a decrease in 5-HIAA. This finding may be important since, in some illnesses such as toxicity, TRP is administered as a scavenger (Gomez-Reino et af. 1983) without knowing the effect of this treatment on the free plasma TRP and subsequent TRP and 5-HT concentrations in the brain. Besides, little is known about whether radicals can oxidize TRP and how this would affect 5-HT concentration. However, from the amino acid composition of CD and LPD (9.9 g TRP in CD and 2.9 g in LPD), only a large reduction in the TRP content of the diet (i.e. 0.3 g TRP in the TRPdeficient diet) may lead to a depletion of the TRP pool in the brain.
The effects of the valine-deficient diet were unusual. In the substantia nigra the effect on the serotoninergic system was similar to that found with other amino acid deficiencies, being the reverse of that in the striatum (5-HT concentration decreased in the substantia nigra and increased in the striatum).
Effect of some essential amino acid d@iencies in the dopaminergic system When the catecholamine levels were studied there was a notable increase in TYR concentration after the administration of each of the protein-deficient diets in both regions studied. This effect was produced by LPD and it was maintained in all amino acid deficiencies studied with the exception of the phenylalanine-deficient diet. The maximum increase was seen after leucine deficiency in both regions. This may have been due to leucine and phenylalanine at normal plasma concentrations occupying more than 50% of the transport sites (Smith et al. 1987) . Therefore, the decrease in leucine could have led to an increase in phenylalanine, with a concomitant increase of TYR concentration. However, in no case was the increase in TYR accompanied by an increase in the synthesis of DA. This is in agreement with the knowledge that DA regulation is independent of TYR concentration (Murrin et al. 1976 ), contrary to 5-HT synthesis to tryptophan (Miller et al. 1976 . A similar effect was seen by Westerink & De Vries (1991) after TYR administration directly to the striatum; that is, it was without effect on either formation of 3,4-dihydroxyphenylalanine (DOPA) or release of DA. At the same time, with deficiencies of isoleucine, leucine, or tryptophan the increase in TYR concentration was associated with a decrease in DA concentration in the substantia nigra. These findings, together with the changes observed in DOPAC concentration which was either unchanged or increased (Leu deficiency), led to an increase in the DOPAC : DA ratio (0.1 3 for LPD, and 0.20, 0.22 and 0.1 9 for isoleucine, leucine and tryptophan deficiencies respectively) suggesting an increase in metabolism inside the cell. This hypothesis is supported by the few changes seen in the 3-MT:DA ratio. 3-MT is thought to reflect the level of DA in the synaptic cleft, since its formation occurs entirely extraneuronally (Westerink & Spaan, 1982; Altar et al. 1987) . Therefore, the different amino acid deficiencies did not seem to change this extraneuronal metabolism in either of the regions studied, being more evident in the striatum. This consistency in the 3-MT : DA ratio in the striatum could be related to a maintenance of the DA release process. The decrease in HVA concentration in the striatum was similar to that seen in DA concentration, as shown by the HVA : DA ratio in the striatum, which tended to decrease when the different amino acid-deficient diets were compared with both CD and LPD. This means that the amino acid deficiencies studied induced a metabolic change in DA that can be summed up as: (1) reinforcement of the intraneuronal metabolism of DA but not of the release processes, and (2) facilitation of DOPAC removal from the brain across the probenecid-sensitive transport system which has been reported to be involved in this process (Elchisak et al. 1977; Grabowska-Anden et al. 1984) .
The deficit of phenylalanine (TYR precursor) counteracted the TYR-increasing effect produced by LPD in both structures. In the substantia nigra it produced a decrease in DA and DOPAC concentrations, which suggests a decrease in the rate of DA synthesis. This effect cannot be explained in the same way as the TRP effect on serotonin, since it is known that there is not a significant relationship between variation in TYR concentration and DA synthesis and metabolism, compared with that between TRP and 5-HT (Miller et al. 1976 (Miller et al. , 1977 .
The deficit of valine, similar to that of serotonin, produced opposite changes in DA levels in the regions studied (substantia nigra and striatum). A similar finding has been reported previously under normal conditions in these regions (Cheramy et al. 1981) . DA released into the substantia nigra seems to have a physiological role, as it inhibits the activity of dopaminergic cells by acting on dopaminergic autoreceptors (Nieoullon et al. 1977) . The contrasting changes in DA and 5-HT levels in both regions could demonstrate an interaction between the two amines ; it has been reported that DA release from dendrites in the substantia nigra influences the release of 5-HT in various structures of the basal ganglia (Hery et al. 1980) . All these findings support the fact that neurotransmitters are affected by some amino acid-deficient diets. TRP, as expected, had a marked effect on serotonin levels. In addition, there is evidence that suggests amino acid deficiency increases susceptibility, particularly of the substantia nigra, to damage. The concentration of DA was also affected. This could be interesting in pathological conditions, some of which may be produced by environmental
